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Physical condition and stress levels during early 
development reflect feeding rates and predict pre-
and post-fledging survival in a nearshore seabird 
Juliet S. Lamb 1'*, Kathleen M. O'Reilly2 and Patrick G. R. Jodice3 
' Department of Forest ry and Environmental Conservation, and South Carolina Cooperative Fish and Wild life Research Unit, G-27 Lehotsky Hall, 
Clemson University, Clemson, SC 29634, USA 
2Department of Biology, University of Portland, 5000 N Willamette Boulevard, Portland, OR 97203, USA 
3US Geological Survey South Carolina Cooperative Fish and Wildlife Research Unit. and Department of Forestry and Environmental 
Conservation, G-27 Lehotsky Hall, Clemson, SC 29634, USA 
*Corresponding author: Department of Forestry and Environmental Conservation, and South Carolina Cooperative Fish and Wildlife Research 
Unit, G-27 Lehotsky Hall, Clemson University, Clemson, SC 29634, USA. Tel: + 1 864-656-2932.Email:jslamb@clemson.edu 
The effects of acute environmental stressors on reproduction in wildlife are often difficult to measure because of the labour 
and disturbance involved in collecting accurate reproductive data. Stress hormones represent a promising option for asses-
sing the effects of environmental perturbations on altricial young; however, it is necessary first to establish how stress 
levels are affected by environmental conditions during development and whether elevated stress results in reduced sur-
vival and recruitment rates. In birds, the stress hormone corticosterone is deposited in feathers during the entire period of 
feather growth, making it an integrated measure of background stress levels during development. We tested the utility of 
feather corticosterone levels in 3- to 4-week-old nestling brown pelicans (Pelecanus occidentalis) for predicting survival 
rates at both the individual and colony levels. We also assessed the relationship of feather corticosterone to nestling body 
condition and rates of energy delivery to nestlings. Chicks with higher body condition and lower corticosterone levels 
were more likely to fledge and to be resighted after fledging, whereas those with lower body condition and higher cortico-
sterone levels were less likely to fledge or be resighted after fledging. Feather corticosterone was also associated with 
intracolony differences in survival between ground and elevated nest sites. Colony-wide, mean feather corticosterone pre-
dicted nest productivity, chick survival and post-fledging dispersal more effectively than did body condition, although 
these relationships were strongest before fledglings dispersed away from the colony. Both reproductive success and nest-
ling corticosterone were strongly related to nutritional conditions, particularly meal delivery rates. We conclude that fea-
ther corticosterone is a powerful predictor of reproductive success and could provide a useful metric for rapidly assessing 
the effects of changes in environmental conditions, provided pre-existing baseline variation is monitored and understood. 
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Introduction 
Impacts of acute or chronic environmental stressors on ,vild-
life are typically quantified directly using mortality rates 
derived from carcass counts (Piatt et al., 1990; Burger, 1993) 
or 1nultiyear census data (Wiens et al., 1996; Yaukey, 2012), 
"vhich are then incorporated into de1nographic models to 
esti1nate the population-level effects of stressors (Haney 
et al., 2014 ). In addition to causing im1nediate 1nortality, 
ho,vever, stressors can also act sublethally through second-
ary path,\rays including reduced habitat quality (Cheng 
et al., 2009; Williams et al., 2010), con1promised physica l 
condition (Ro1nero and Wikelski, 2001 ), physiological and 
genetic modifications (M.0ller and 1vfousseau, 201 1) or 
increased susceptibility to existing threats, such as disease or 
environmental fluctuation (Balseiro et al., 2005; Whitehead, 
2013). Many of these indirect and sublethal stressors subse-
quently i1npact de1nographic processes by reducing long-
tenn survival or reproductive fitness in surviving individuals 
(Krebs and Burns, 1977; Peterson, 2001) but often are not 
explicitly or adequately addressed in de1nographic calcula-
tions and projections. Moreover, as reductions in adult con-
dition and habitat suitability 1nake it less likely for breeders 
to 1neet the energetic den1ands of territory defense, egg pro-
duction, incubation and provisioning young, the breeding 
process itself is likely to compound i1npacts of environn1ental 
stress (Butler et al., 1988; Gannon and Willig, 1994). Indeed, 
demographic models that do not accurately incorporate sec-
ondary effects of environmental stressors on breeding success 
and recruitment cannot accurately predict or quantify the 
complex population-level i1npacts of environmental pertur-
bations (Peterson et al., 2003; Haney et al., 2014). 
Despite ,videspread understanding of the capacity of sub-
lethal environmental stress to affect reproduction and 
recruitment negatively, it can be difficult to determine the 
most appropriate end points for measuring these effects 
(Sn1its and Fernie, 2013 ). In order for post-disturbance mea-
sure1nents to be i11fonnative, there 1nusr be a pre-existing 
understanding of the level of variation in reproductive para-
1neters expected in baseline conditions (Teal and Ho"varrh, 
1984; Velando et al., 2005). Such data are not ahvays avail-
able for species of interest prior to catastrophic events 
(Eppley, 1992). Moreover, the collection of reproductive 
data can be time and labour intensive and can involve 
researcher disturbance, ,vhich may make it difficult to in1ple-
n1ent rapidly in the ,vake of unexpected external change 
(Wiens et al., 1984). Snapshot n1easures of reproductive 
health, such as body condition index (BCI; e.g. Jakob et al., 
1996; Benson et al. , 2003 ), can be collected during a single 
visit and with minimal disturbance, allowing for rapid data 
collection across large areas after disturbance events. 
Ho"vever, these 1neasures have high short-term variability, 
and their relationship to demographic para1neters of interest 
(e.g. reproductive success) 111ust be evaluated in order to 
select appropriate 1netrics. 
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Stress hormone production offers a broadly applicable 
metric for assessing the impacts of environmental stressors 
on free-living wildlife populations (Romero and \'Vikelski, 
2001 ). Corticosterone (CORT) is the principal glucocorricoid 
stress hormone in birds, rodents, reptiles and a1nphibians, 
and is frequently used as a measure of individual stress 
responses to environ1nental conditions and disturbance (e.g. 
Marra and Holberton, 1998; Kiraysky et al., 2001; Blas 
et al., 2005; Bonier et al., 2007; Almasi et al., 2009). Stress 
honnones are upregulated in response to perceived stressors, 
pro1npting short-term behavioural adjustments (e.g. aggres-
sion, submissiveness) and physiological modifications (e.g. 
i1n1nunosuppression; McEv-1en et al., 1997). Over time, ho~v-
ever, chronic elevation in corticosterone levels in response to 
chronic stress may negatively affect organism health by alter-
ing immune function, gro,vrh rates, body condition and 
behaviour (Sapolsky et al., 2000). Corticosterone levels in 
adult individuals can be confounded by short-term energetic 
and behavioural differences (Angelier et al., 2007) and 1nay 
change over life stages (Willia1ns et al., 2008; Bonier et al., 
2009). Within avian taxa, n1easuring corticosterone in altri-
cial young controls for son1e of these influences, as their 
exposure to stress is localized and their range of behavioural 
responses restricted (Kitaysky et al., 2003; Eggert et al., 
2010). Short-term exposure to acute stress during develop-
n1ent can have positive effects, such as preparing individuals 
to respond more effectively to novel environrnents and 
unpredictable conditions later in life (Spencer et al., 2009; 
Zim1ner et al., 2013). Ho"vever, chronic elevation in stress 
levels is associated \Vith severe develop1nenral consequences, 
including reduced gro,vrh rares, impaired cognitive ability 
and elevated n1ortality in adulthood (e.g. Kitaysky et al., 2003; 
Muller et al., 2009; Buder et al., 2010; Monaghan et al., 
2012). Therefore, differences in nestling corticosterone levels 
provide an initial indication of potential long-tenn differences 
in individual survival and reproductive perforn1ance, v-1hich 
ultimately drive population dynan1ics (Kitaysky et al., 2010). 
While corricosrerone levels in blood plas1na can be ele-
vated by short-term factors, such as stress resulting fro1n 
capture (Love et al., 2003; Romero and Reed, 2005), cortico-
sterone in avian feathers provides a more sustained record of 
stress levels over days or ,veeks (Bortolotti et al., 2008; 
Hanns et al., 2010; Ro1nero and Fairhurst, 2016). Feather 
corticosterone n1easuren1ents a llo~v fo r direct con1parison of 
long-term nestling stress levels benveen different breeding 
habitats, where variations in nutrition, contamination, pre-
dation and parental attendance may affect chronic chick 
stress even if no outward physical differences are apparent 
(Borrolotti et al., 2009; I-lar1ns et al., 2010). Recent labora-
tory and field studies have demonstrated that chronic nutri-
tional stress affects feather corricosterone levels in both 
captive and free-living seabirds (Patterson et al., 2015; Will 
et al., 2015), indicating that feather corticosterone is an 
appropriate metric for evaluating effects of stressors on chick 
developn1ent. 
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We assessed the uti lity of t\VO snapshot nestling health 
measures, feather corticosrerone (feather CORT) and BCl, 
for assessing reproductive success in the brown pelican 
(Pelecanus occidentalis), a nearshore seabird \Vith altricial 
chicks that is frequently subjected to acute environ1nenral 
stressors, including disturbance, oil exposure and hurricanes 
(Wilkinson et al., 1994 ). Body condition indices are based on 
nestling 1nass, ,vhich represents both long-term lipid reserves 
and short-tenn fluctuations (La bocha and Hayes, 2012), 
\vhereas feather CORT integrates levels of honnone depos-
ition during the 2-3 -.,,veek period of feather gro-.,,vth preceding 
feather collection. We assessed the relationship of feather 
CORT and BCI to survival probability of individual nest-
lings, as "veil as to correlative population-based ,neasures of 
nutritional stress, colony-wide fledging success and post-
fledging dispersal. Our predictions ,vere as follows: (i) 3- to 
4-week-old nestlings ,vith higher BCl \Vould have lower 
levels of feather CORT (and vice versa); (ii) the probability 
of individual nestlings surviving to fledge \\rould increase 
-.,,vith increasing body condition and decreasing corricosrerone 
1neasured at 3-4 -.,,veeks of age; (iii) colony--.,,vide fledging suc-
cess -.,,vould be highest at colonies with higher average body 
condition and lo\ver feather corticosterone measured in 3- to 
4-week-old chicks; and (iv) feather corticosterone \vould 
increase and BCI decrease v-1ith increasing nutritional stress, 
measured by lo\ver rates of energy delivery to nestlings. 
Materials and methods 
Study species 
The bro,vn pelican is a large-bodied nearshore seabird that 
inhabits 1narine environ1nents year-round (Shields, 2014). 
Brown pelicans feed on schooling fish by plunge-diving, and 
can carry large masses of fish in a single pouch-load while 
feeding nestlings. T hey nest in large offshore colonies that can 
nu,nber several thousand individuals. Nest elevation can vary 
\videly depending on available habitat, from open ground to 
tree sites up to 10 m in elevation. Bro\vn pelicans typica lly lay 
three sequentially hatching eggs, which require an incubation 
period of -30 days, and raise one or two young. Although 
nestlings can fly at -60 days, they generally do not leave the 
nesting colony until 70-90 days after hatching. Brown peli-
cans exhibit biparental care and feeding throughout the nest-
ing period. At least one parent attends the nest at all ti1nes 
until chicks becon1e 1nobile (-3-4 ,veeks), after ,vhich point 
parents are generally present at the nest site only when feeding 
chicks. Feedings n1ay occur 1nultiple ti1nes per day. 
Study area 
We studied breeding bro\vn pelicans bet\veen 2013 and 
2015, throughout the northern Gulf of Mexico (Fig. 1). We 
selected colony sires to represent the full geographical range 
of pelican breeding areas in the region, with the exception of 
South Florida . In 2013, we collected physical 1neasure1nenrs 
and feather san1ples fro1n 3- to 4-,veek-old chicks at six 
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colon ies: nvo in the Florida panhandle, t,vo in the Louisiana 
delta, and t \VO along the central Texas coast. In 2014, \Ve 
conducted chick sampling and monitored nest productivity 
at fo ur colonies along the central and northern Texas coast. 
In 2015, ,ve conducted chick sa1npling and monitored nest 
productivity at three colonies in the Florida panhandle and 
one in Alabama. Each colony site was sa1npled during a sin-
gle breeding season. 
Nestling body condition 
We randomly selected 3- to 4-\veek-old nestlings for sa,n-
pling based on either hatch dates (where known) or plumage 
development (fully developed scapular contour feathers, 
remiges and rectrices in pin). If multiple nestlings ,vere pre-
sent, ,ve sa1npled all siblings and determined hatch order 
based on culinen length (i.e. culmen length ,vas assu1ned to 
be greater in first-hatched than second-hatched chicks, and 
in second-hatched than third-hatched chicks; Eggert and 
Jodice, 2008). Ncsdings -.,,vere readily captured by hand at or 
near nest sites. We collected physical 1neasure1nents (culmen 
length, tarsus length, \ving chord and mass), checked for the 
presence of ectoparasites, and counted all ticks found on 
the underside of the left \v ing. We also banded each ch ick 
on the right tarsus with a uniq uely numbered stainless-steel 
US Geological Survey Bird Banding Lab leg band. 
To calculate BCI, \\re conducted a principal co1nponents 
analysis on the three n1easures of skeletal size \Ve collected: tar-
sus length, culinen length and wing chord (Benson et al., 
2003). Using each individual's score on the first principal co,n-
ponents axis (PC1) as an index of overall skeletal size, v-1e cal-
culated the best-fitting regression eq uation for the relationship 
bet\veen mass and principal component score. We chose a 
second-order polynomial to represent accurately the nestling 
grov-rth process, which is initially linear but reaches a peak 
and descends slightly prior to fledging (Supplementary 
1naterial, Fig. 51). Finally, ,ve calculated BCI as the standar-
dized residual of acn1al body 1nass from the value predicted by 
the regression equation. 
Feather corticosterone 
At capture, ,ve collected three or four scapular contour feath-
ers from each nestling. Feathers \Vere bagged and stored at 
room temperature until processing. We used random number 
generation to select 150 samples per year for CORT analysis, 
divided equally a1nong study colonies. Following the recom-
1nendarions of Lattin et al. (2011), -.,,ve restricted the range of 
san1ple sizes analysed by excluding fro1n analysis sa1nples 
that -.,,vere extre1nely small ( <20 111g) and dividing samples lar-
ger than 160 mg into separate units for analysis. Mean total 
feather mass per san1ple ,vas 87.8 (±41 .6) mg, and ,nean 
total length per sa,nple ,vas 228.9 (±77.1) mn1. 
We closely follo-.,,ved the methods for feather CORT 
extraction and analysis originally described by Bortolotti 
et al. (2008). Briefly, ,ve re1noved the calamus from each 
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Figure 1: Location of brown pelican colonies sampled in the northern Gulf of Mexico. Marker sizes represent relative colony size (75-5000 
nesting pairs). Nestling health samples were collected from all colonies, and nutrition and productivity data were also collected from colonies 
outlined in red. Locations of other brown pelican nesting colonies in the region are indicated in yellow. 
feather, weighed and 1neasured fea thers individually, and 
prepared the san1plc for analysis by snipping feathers into 
s1nall ( <0.5 min) pieces with scissors and t ransferring the 
entire sa1nple into a l61nl test tube. Each sa1nple received 
7 n1l of HPLC grade methanol (VWR) and ,vas placed in a 
sonicating ,vater bath at room ten1perature for 30 n1in, then 
transferred to a 50°( shaking ,vaterbath overnight ,vith caps 
added to tubes to limit evaporation. After centrifuging tubes, 
\Ve used disposable glass Pasteur pipettes [Fisherbrand 5.75 
inch (14.6 c1n) or 9 inch (22.86 cm) and bulb, one use per pip-
ette] to transfer 1nethanol extracts to 13 ml tubes and con-
ducted t\vo additional washes of the feathers, each with 2.5 1nl 
1nethanol and each for 2 h. Each cun1ulacive 1nechanol extrac-
tion sa1nple, totaling 12 1nl, ,vas dried do,vn under a nitrogen 
evaporator rack in a ,vater bath at 40°C, reconstituted in 
200 µI buffer, and put on a rack shaker for an hour before ali-
quoting. We conducted a radioi1nmunoassay (MP Biomedicals, 
LLC; ImmuniChen1TM Double Antibody Corticosterone 125I 
RIA Kit) following the included directions, modified by using 
half-volumes and a 1:4 dilution for our samples (12.5 µl sample 
+ 37.5 µl buffer). A parallelism test validated the use of the MP 
Bio kit ,vith serial dilutions of sa1nples parallel to the standard 
curve and a 1:4 dilution at 65% binding and near the middle 
of the curve. The intra-assay coefficient of variation using 
duplicate sa111ples was 1.7-2.2 %, and inter-assay variation of 
pooled feather samples was 11 %. We assessed feather CORT 
in a total of 365 chicks (2013, n = 126; 2014, n = 144; and 
2015, n = 95). 
An important consideration in measuring CORT in feath-
ers is "vhether to normalize CORT concentrations by sample 
length or sample mass (Bortolotti et al., 2008). Elevated 
CORT levels can result in lo,ver feather quality (mass per 
unit length) that may obscure the relationship bet,,veen envir-
onmental conditions and CORT deposition in feathers 
(Patterson et al., 2015). Given that feather quality was nega-
tively correlated with feather CORT in our samples 
(P < 0.001, slope= - 1.14 + 0.15), we chose to nonnalize 
fea ther CORT using a 1ncasure of sample n1ass (in picogra1ns 
per 1nilligran1) logarithinically transfonued to meet assun1p-
tions of nonnality. To adjust for feather quality, we calcu-
lated the residual of the best-fitting regression line bet,.veen 
logarithn1ically transformed CORT per milligra111 and fea-
ther mass per unit length, de-trended the data by subtracting 
the regression line, and used the adjusted values in all ana-
lyses. As feather quality is also positively correlated with 
nestling mass and nutritional intake (Patterson et al., 2015 ), 
nonnalizing by mass without adjusting for feather quality 
,vould exaggerate the strength of relationships bet\veen fea-
ther CORT, nutritional stress and fledging success. 
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Nutritional stress 
Nutritional st ress in nesrlings is the product of three compo-
nent 1netrics: feeding rate (expressed as number of 1neals per 
chick per day), meal 1nass (in grams per 1neal) and energy 
density of prey (in kilojoules per gram). Following field 
1ncthods used in previous studies (e.g. Jodicc et al., 2006), 
,ve 1neasured each of these n1ctrics at the population level 
(breeding colony) and con1bined the1n to obtain an overall 
index of total daily energy de livery to nestlings (energy pro-
visioning rate; EPR) fo r each study colony. 
To measure feeding rates, we opportunistically selected 
groups of 15-20 nests at each colony visit and cond ucted 3 h 
observations, recording nest contents, arrival and departure 
ti1nes of adults, and feedings observed. Although ,,ve did not 
attempt to associate feeding rates with specific nests used for 
productivity and chick condition analysis, we selected nest 
groups in the same areas of the colony to ensure that ,,ve 
,vere san1pling the same population. We considered a feeding 
to have occurred ,,vhen a nestling inserted its head into the 
adult's gular pouch and emerged with its throat engorged 
(Sachs and Jodice, 2009). Pelican nesrlings are fed multiple 
times per day during daylight hours, and we observed an 
average of 0.17 feedings per chick h-1 across all colonies, or 
-2.5 feedings day-1 for each nestling, with colony-specific 
averages ranging from 1.5 to 3.2 feedings per chick day-1 . 
We did not observe extensive self-feeding by nestlings, and 
thus considered only direct feedings fro1n adults to nestlings. 
To 1ncasure n1cal 1nass, we collected 8-10 regurgitated 1neals 
from nestlings at each colony every 5- 7 days, varying the 
tin1ing and location of collection opportunistically. We 
obtained regurgitates by approaching nestlings and collecting 
meals that were regurgitated voluntarily. All collected sam-
ples \Vere stored in plast ic bags and frozen for later analysis. 
In the laboratory, \Ve tha\ved each sample in a wann-
\Vater bath, dried off surface ,,vater using paper to,,ve)s, then 
,vcighed, measured and identified to species each individual 
fish. We classi fi ed each fish as ,vhole (no visible dan,age), 
part ial-,vhole (total length obtained, but some soft tissues 
n,issing) or partial (total length could not be obtained ). For 
samples containing large numbers of fish (50- 1000 items per 
sample; 26% of samples), we counted the total number of 
individuals of each species, weighed and measured a sub-
sample of 10 individual fish per species, and obtained a total 
\Veight and overall classification (whole, partia)-,.vhole or 
partial) for each species group. For sa1nples containing 
extre1nely large numbers of fish (> 1000 ite1ns per sa1n-
ple; <1 % of sa1nplcs), we "vcighcd and measured a sub-
sa1nple of 10 fish per species, weighed the overall sa1nple, 
and used the average weight per fish to approximate the total 
number of fish in the sample. We did not analyse sa1n ples for 
,vhich the digestive process ,vas too advanced to identify fish 
to species (1 % of samples) . T o estimate the mass of partial-
\vhole and partial fish, \Ve calculated the length- vveight rela-
tionship as the best-fitting regression equation between the 
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logarithn, of total length and the logarithm of the n,ass of 
whole fish for each species by year (Supplementary material, 
Table Sl ). For partial-'1.vhole fish (i.e. degraded fish for which 
\Ve ,vere able to measure total length), we used the regression 
line to esti1nate the corrected 1nass of the ,,vhole fish from its 
length. For partial fish (i.e. degraded fish for which total 
length \Vas not 1neasurable), we used the mean total length 
of \vhole and parrial-,vhole individuals collected fro1n the 
san1c breeding colony on the sa1ne day to estimate a cor-
rected mass fron1 the regression equation. 
We measured proximate composition and energy densities 
in whole samples (bait fish and undamaged chick regurgi-
tates) of the 1nost co1n1non prey fish species using extraction 
techniques as described by Anthony et al. (2000). Briefly, \Ve 
dried fish to detennine ,,vater content, extracted lipids from 
dried fish to dctennine lipid content, and ashed lean dry fish 
to deternlinc protein content. The energy density for each 
prey ite1n \Vas then calculated as the sum of energy for lipid 
and protein . Species for v-1hich we ,vere able to measure 
energy densit ies di rectly comprised 93% by biomass of a ll 
p rey san1ples (Supple1nentary material, Table S2). For less-
common species (7% of total biomass), ,ve substituted either 
energy density values from other species ,,vithin the same 
family (4%) or, if no comparable values 'I.Vere available in 
o ur data or in the literature, biomass-,,veighted averages of 
all other prey species (3%). We calcula ted the total energy 
content of sa1npled 1neals based on 1nean energetic values for 
each prey species multiplied by bion1ass, then averaged over 
the total 111eal mass to obtain a value in kilojoules per grain. 
Nest productivity and nestling survival 
We visited nesting colonies close to the end of the incubation 
period and selected three or four groups of focal nests per col-
ony, each group containing 20-30 nests. In colonies containing 
both elevated and ground nests, we selected closely spaced 
groups such that each contained nests of one type or the other 
to allo,v for comparison. On our initial visit, ,ve recorded nest 
contents, assigned an identifying number to each nest, and 
photographed the nest group from marked observation point_~ 
that could be accessed without disturbance to focal nests. On 
return visits, we identified nests using the numbered photo-
graph and checked me contents of each nest from the observa-
tion point. Once nestlings reached 3-4 weeks of age, concurrent 
"vith measurements and feather sampling, ,,ve banded nestlings 
on the left tarsus ,'Vith a pennanent plastic band (Haggie 
Engraving: 2014, green; and 2015, blue) engraved with a three-
digit ,vhite alpha code to aid in resighting. 
Once nestlings began to disperse away from nest loca-
tions, \Ve searched the surrounding areas of the colony ,,vith 
binoculars for banded chicks and recorded all bands 
o bserved . We continued observations until chicks reached at 
least 60 days of age. Begin1ling -8 weeks after hatching, \Ve 
also conducted regular searches of the colony for dead 
banded chicks and recovered all bands found. To determine 
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nest productivity (fledglings per nest), nestlings that \vere 
observed alive at least 60 days after hatching and disap-
peared from the colony, but ,,.,,ere not found dead, were pre-
sumed to have fledged successfully (Shields, 2014). \Y/e 
calculated plot- and colony-,vide fledging success as the nu1n-
ber of chicks fledged from observation nests, divided by the 
total number of nests observed. 
To detern1ine survival post-fledging, ,.ve relied on oppor-
tunistic resighting of banded chicks by colony monitors and 
birders along the coast of the Gulf of Mexico. We received 
band resightings and recoveries reported to the Bird Banding 
Lab, as ,veil as directly to us through a dedicated \Y/eb por-
tal. Sightings and recoveries were obtained throughout the 
US Gulf Coast and fro1n N1exico until January 2016, repre-
senting a total of 88 unique individuals (15% of all colour-
banded individuals). Post-fledging detection rates varied 
between colonies (6-20%), and we included a parameter for 
detection probability in survival 1nodcls. 
Statistical analyses 
We visually assessed frequency distributions of measured 
variables and, where necessary, used logarithmic transforma-
tions to meet assumptions of normality. T o evaluate the rela-
tionship bet,veen CORT and BCI as predictors of individual 
survival to fledge, \Ve conducted logistic regression \Vith a 
binary outcome (fledged or died) on each 1netric and assessed 
the fit of the resulting models. To assess the relationships 
between CORT, BCI, nest-specific factors and individual sur-
vival, we ran independent generalized linear 1nodcls, each 
1,vith a binary outco,ne (fledged or died; and resighted alive 
or recovered dead) and logit link. \Ve used CORT, BCT, nest 
elevation (ground or elevated), nesting colony, date, hatch 
order and number of siblings as fixed factors. 
To calculate colony-wide survival rates, \Ve used a joint 
live recapture-dead recovery model (Burnha1n, 1993), 1,vhich 
accounted for differences in detection probability bctvveen 
colonies as vvell as differences in survival. We assessed sur-
vival rates at t\vO t ime steps: survival to fledge (3 months 
after hatching) and post-dispersal survival (6 n1onths after 
hatching). Dead individuals \vere recovered in the intervals 
between time steps, and individuals ,vere considered to have 
survived to a new time step if they were resighted alive after 
that period ended. Given that resightings and recoveries took 
place across the entire range of the population, ,ve fixed dis-
persal para1neters (F) at 1 (i.e. 100% probability that banded 
individuals remained in the sampling area) . We derived par-
a1netcr estimates for survival (S), recovery (r) and resighting 
(p) during each ti1nc interval using Markov chain Monte 
Carlo estin1ators with a burn-in of 1000 samples, followed 
by 4000 tuning san1ples and 10 000 runs. 
To co1npare the relative value of different metrics (CORT 
and BCI) for predicting aggregate nest productivity and sur-
vival rates, \Ve used a generalized linear modelling frame-
1,vork (Gan11na, log link), with fledging success as the 
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response variable and average CORT, average BCT, and the 
interaction of CORT ,vith BCI as predictor variables. We 
computed Akaike's Information Criterion for small samples 
(AICc) values to account for the small sample sizes that 
resulted from using colony as the sampling unit and used these 
values for model comparison. lv1odels were considered to 
receive strong support if they resulted in a AAICc < 2 and 
1noderate support if they resulted in a Ai\ICc of betvveen 2 
and 4 (Burnhan1 and Anderson, 2004). 
To assess nutritional stress by colony, we calculated the 
meal mass (in grams per meal), nestling provisioning rate (in 
meals per chick per hour) and energy density of meals (in 
kilojoules per gram) for each colony. These three compo-
nents together fonn the energy provisioning rate (EPR, in 
grains per chick per hour; Jodice et al., 2006). To obtain a 
con1bined 1ncasurc of EPR by colony, we 1nodellcd energy-
days for each colony by randonily selecting ("vith rcplace-
1nent) 100 values for provisioning rate (in n1eals per day) 
from the set of measured values. The model then chose at 
random (v-1ith replace,nent) a mass and an energetic value fo r 
each 1neal, multiplied n1eal 1nass by energy density to obtain 
total energy content per meal, and summed total energy 
across all meals for each modelled day to obtain a set of 
energy provisioning rates (in kilojoules per day) . We calcu-
lated the rnean and standard deviation of EPR for each col-
ony by averaging values obtained fro1n 1000 runs of the 
1nodel. We used generalized linear 1nodels (Gam1na, log link) 
to assess the relationships of EPR and its co1nponent 1netrics 
to chick health paran1eters and nest productivity. 
Results 
Individual survival 
For individual nestlings, feather CORT concentrations ,vere sig-
nificantly negatively correlated to BCI (linear 1uodel: coeffi-
cient= -194 + 31.6, F1 364 = 37.7, P < 0.001, R2 = 0.09). 
• 
Chicks tl1at died before fl edging had lo,ver BCI (F1,239 = 6.1, 
P = 0.01.) and higher CORT deposited in feathers 
(F1,239 = 24.7, P < 0.001) at 3-4 \veeks of age than chicks that 
1,vere presumed fledged (i.e. survived unti l at least 60 days after 
hatching; Fig. 2). Of the other covariates \Ve tested, only nest 
height (linear model, ground relative to elevated: coeffi-
cient= -2.79 ± 0.80, z109 = -3.76, P < 0.001) and body size 
(linear model: coefficient = 1.25 ± 0.43, z109 = 2.88, 
P = 0.004) ,vere significantly correlated ,vith individual fledging 
success. Nesclings fro1n ground nests had significantly lo,ver 
BCI (ground, r174 = -97.2 + 479; elevated, µ117 = 72.0 + 363; 
F1,191 = 7.74, P = 0.006) and higher feather CORT (ground, 
µ 74 = 2.08 + 0.71; elevated, µ 117 = 1.72 + 0.64, F1,191 = 17 .8, 
P < 0.001) than nestlings from elevated nests. We did not find 
a significant effect of colony, region, year, sampling date, hatch 
order, nun1ber of siblings, or their interactions on fledging 
probability (Linear models: P > 0.10 for each). 
Survival probabilities of individual nestlings >60 days 
post-hatch ,vcre positively related to BCI and negatively 
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Figure 2: Distribution of individual measurements of body condition 
index (BCI; a) and feather cort icosterone (CORT; b) at 3-4 weeks post-
hatch for brown pelican nestlings later found dead after banding, 
presumed fledged and resighted alive after leaving the breeding 
colony in the northern Gulf of Mexico, 2013-15. Significant between-
group differences are indicated by asterisks (*P < 0.05, **P < 0.01 and 
***P < 0.001 ). 
related to CORT (Fig. 2). Chicks found dead at the colony 
post-fl edging had significantly }01,ver BCI (ANOV A: 
F1 ,40 = 11.4, P = 0.002) and significantly higher CORT 
(A NOVA: F1,40 = 18.4, P < 0.001) at 3-4 ,veeks after hatch-
ing than did chicks that 1,vere resighted alive after fledging. 
Colony-specific nest productivity and chick 
survival 
Within breeding colonies, CORT levels 1,vere correlated 1,vith 
nest productivity at individual observation plots. Nest prod-
uctivity (Fig. 3a) and nestling feather CORT (Fig . .3c), but not 
nestling BCI (Fig. 3b), differed significantly between ground 
and elevated subplots at t\1\/'0 of the four colonies ,vith both 
ground and elevated nests. Of the remaining three colonies, 
nvo contained only shrub nests and the third contained too 
fe,v ground nests to assess differences in productivity relative 
to shrub nests. OveraJI, colony-wide productivity rates were 
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Figure 3: Mean values for brown pelican nest productivity (a), 
body condition index (SCI; b) and feather corticosterone (CORT; c) 
of nestlings in elevated (green) and ground (brown) nest p lots 
in the northern Gulf of Mexico, 2014-15. Significant within-colony 
differences are indicated by asterisks (*P < 0.05, **P < 0.01 and 
***P < 0.001 ); for all other differences, P > 0.05. Error bars represent 
95% confidence intervals of the mean. 
positively co1Telated with average BCI (Fig. 4a) and negatively 
correlated \Vith average CORT (Fig. 4b) of sampled chicks. 
The strongest model predicting colony-specific nest productiv-
ity as a function of chick health parameters, which was also 
the only 1nodel supported by co1nparison of AICc values, 
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Figure 4: Correlation of mean brown pelican nest productivity to 
chick condition (BCI; a) and feather corticosterone (CORT; b) for 
colonies in the northern Gulf of Mexico, 2014-15. Points represent 
colony-wide averages except where different habitat types differed 
significant ly in productivity, in which case mean values are separated 
by habitat type. Error bars represent 95°..6 confidence intervals. 
contained CORT alone (Table 1). The top model explained 
84% of the observed deviance (null = 1.91; residual = 0.31). 
Modelled chick survival to fledge (3 n1onths after hatch) 
at individual colony sites ,l\laS negatively correlated ,vith 
average CORT (Fig. Sa). T he strongest n1odel predicting 
ch ick survival to fledge as a function of chick health para-
meters, ,vhich was also the only model supported by com-
parison of AlCc values, contained CORT alone (T able 1). 
The top model explained 91 % of the observed deviance 
(null = 0 .144; residual = 0.013). The relationship between 
BCI and survival to fledge sho\.ved a non-significant positive 
trend, and BCI was nor supported as a predictor of average 
colony-,"lide survival rates (T able 1 ). 
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Average CORT values at individual colony sites ,vere 
negatively correlated "vith modelled chick survival post-
dispersal (to 6 months after hatching; Fig. 5b). Both the 
CORT-only model and the null model were supported as 
predictors of post-dispersal survival, although the former 
\.Vas 1. 7 rimes as likely as the latter to be the best model 
(Table 1). The top model explained 48% of the observed 
deviance (null = 0.026; residual = 0.012). Body condition 
index \l\las not included in any supported 1nodels of post-
dispersal survival. 
Nutritional stress 
Energy provisioning rate showed a non-significant positive 
trend in relationship to BCI (linear model, coeffi-
cient = 1.04 ± 0.52, t5 = 2.02, P = 0.1 O; Fig. 6a) and a sig-
nificant negative relationship to feather CORT (linear cnodel, 
coefficient = - 613 ± 155, t5 = 3.97, P = 0 .01; Fig. 6b). The 
rwo biomass components of EPR, feeding frequency (meals 
per chick day-1, ~t = 2.51, n = 142) and meal mass (grams 
per meal, ~t = 157.6, n = 583) had similarly high levels of 
overall vanat1on [coefficient of variation (CV) fre-
quency = 0.64; CV mass = 0.76], whereas energy density of 
,neats (kilojoules per gram, ~1 = 4.34, n = 583) \.Vas less vari-
able (CV= 0.10). Energy provisioning rate explained 76% 
of observed variance in colony-,1\lide average feather CORT 
and 45% of observed variance in colony-wide average BCT 
(Fig. 6). Of the separate con1ponents of £PR (Table 2), 1neal 
delivery rate explained the largest portion of variance in each 
of the nvo chick health metrics (CORT, 30.5%; and BCl, 
33.0%), followed by meal mass (CORT, 22.1 %; and BCl, 
3.7%) and energy density (CORT, 3 .2%; and BCI, 0.1 %). 
Energy provisioning rate was positively correlated \Vith nest 
productivity (coefficient = 739 ± 2.58, t5 = 2.85, P < 0.04, 
R2 = 0 .62) and nestling survival to fledge (coefficient = 
3365 + 580, t4 = 5.80, P = 0.002, R2 = 0.87), and the 
relationship benveen EPR and post-fledging survival rates 
sho,ved a positive but non-significant trend (coefficient = 
6482 + 3042, t4 = 2.13, P = 0.09). 
Discussion 
We found that corticosterone in nestling feathers, which 
represents an integrated measure of developmental stress 
during feather growth, ,\ras highly correlated with traditional 
1neasures of reproductive success (fledglings per nest) and 
nestling health (BCI) at individual, subcolony and colony-
\.vide scales. Moreover, our results indicate that 1neasuring 
feather corticosterone in young, altricial chicks can explain 
differences in chick health, fledging success and post-fledging 
survival that arc not captured by body condition alone. 
Our first objective ,vas ro assess the relationship benveen 
feather CORT and a more traditional measure of nestling 
health, BCI (Benson et al., 2003), as predictors of nestling 
survival. In accordance \"lith recent work on orher avian 
taxa, \l\le found that nestling feather CORT was negatively 
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Table 1: Candidate models for brown pelican nest productivity and nestling survival in the northern Gulf of Mexico as a function of colony-
average body condition index (BCI) and feather corticosterone (CORD of 3- to 4-week-old chicks, ranked in order of increasing Akaike 
information criterion (Al(.,) values with model weights (w;), cumulative weights (:Ew) and relative likelihoods (L;) 
Terms 
Productivity 
CORT 4.17 
BCI 11.14 
BCI + CORT 11.40 
Null model 13.06 
Post-banding survival 
CORT -17.66 
BCI + CORT -10.70 
BCI -6.34 
Null model -5.40 
CORT - 19.80 
Null model -18.74 
BCI -16.53 
BCI + CORT -13.00 
Models in bold were considered strongly supported. 
correlated \Vith both body condition (Fairhurst et al., 2013; 
Lopez-Jimenez et al., 2016) and fledging probability 
(Fairhurst et al., 2013; Lodjak et al., 2015} at the individual 
level. Alchough both feather CORT and BCI ,vere signifi -
cantly correlated with chick survival to fl edge, feather CORT 
predicted the fate of individual nestlings slightly better co111-
pared ,vith BCI. At the colony level, 111odels containing only 
feather CORT were favoured over ,nodels containing BCI 
,vith and ,vithout feather CORT as predictors of nest prod-
uctivity, survival to fledge and post-dispersal survival. 
Additionally, feather CORT predicted ,vithin-colony differ-
ences in fledging success by habitat type that were nor appar-
ent in comparisons of BCI. The enhanced explanatory po,ver 
of CORT co,npared ,vith BCI 1nay be attributable to both 
the longer time fra,ne over ,vhich CORT integrates physio-
logical condition and the sensitivity that BCI has to short-
tenu variat ion in nutritional stress. For exa111ple, at the 
Shan1rock Island colony the average 111ass of chicks was 
2660 g and average 111eal n1ass 181 g, or about 7% of body 
,veight. This relatively high ratio of meal mass to body mass, 
combined ,vith the daily variation ,ve observed in the ,nass 
of meals, makes BCl highly sensitive to feeding freq uency 
and time since feeding . tvleal delivery rates and the size of 
meals in relationship ro chick mass can vary by more than 
one order of magnitude both a1nong and ,vithin avian species 
(Ricklefs et al., 1985; Anderson and Ricklefs, 1992), so the 
use of BCI as a measure of nestling condition requires con-
sideration of ho,v these short-tenu factors 111ay influence its 
t.1 (AIC,) w, (Al(.,) 
0 0.94 0.94 1.00 
6.97 0.03 0.97 0.03 
7.22 0.02 0.99 0.02 
8.88 0.01 1.00 0.01 
0 0.96 0.96 1.00 
6.87 0.03 0.99 0.03 
11.32 <0.01 1.00 <0.01 
12.27 <0.01 1.00 <0.01 
0 0.55 0.55 1.00 
1.06 0.32 0.87 0.59 
3.27 0.11 0.98 0.19 
6.81 0.02 1.00 0.03 
utility in describing long-tenn patterns of chick condition. 
Feather CORT integrates a longer ti1ne series of conditions 
(Bortolotci et al., 2008) and thus may be less susceptible than 
BCI to short-tern1 variation. The face that we 111easured 
feather CORT early in develop111ent (-20-30 days into a 
60-90 day nesting period) and found a strong rela tionship to 
fl edging probability further indicates that feather CORT 
levels during early developn1ent can accurately p redict sur-
vival through the breeding season. 
\Y/e also assessed the relationship betvveen feather CORT 
and variation in local (site- and nest-specific) conditions. 
Although nestling feather CORT is strongly correlated with 
environmental conditions during development (e.g. Hanns 
et al., 2010; Lodjak et al., 2015; Will et al., 2015), sire- and 
nest-specific factors can still confound the environ111ent-stress 
relationship (Fairhw·st et al., 2012; Lodjack et al., 2015). We 
did not fi nd a significant influence of either hatch order or 
number of siblings on feather CORT. A previous study of 
plas,na CORT in brown pelican nestlings (Eggert et al., 2010} 
also found no effect of brood size or hatch order on stress 
levels; ho,vever, sibling dynamics have been found ro affect 
feather CORT levels in nestling raptors (Yosef et al., 2013; 
Lopez-Jimenez et al., 2016). We did find an influence of 
,nicrohabirar characteristics (elevated vs. ground nest location) 
on feather CORT. Nestlings at elevated nests ,night benefit 
from i1nproved passive thermoregulation, reduced energy 
expended in 111ove111ent, and reduced aggressive interactions 
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Figure 5: Relationship of colony-wide mean brown pelican nestling 
feather corticosterone (CORD to probability of survival to fledge (a) 
and post-dispersal survival (b) in the northern Gulf of Mexico, 2014-15. 
Error bars represent 95% confidence intervals. 
\Vith neighbouring adults and nestlings that subsequently act 
to maintain lo,ver levels of feather CORT. Our study concurs 
\Vith data on bro,vn pelican nest productivity in Louisiana 
(Walter et al., 2013), suggesting that nestlings from elevated 
nests tend to survive longer than nestlings fro,n ground nests, 
contributing to increased nest productivity at elevated sites. If 
elevated nest sites offer in1proved fledging success, positive 
reinforce1nent may occur at these sites if experienced or do1n-
i~ant breeders preferentially select and defend elevated nesting 
sites. 
Finally, ,ve tested the relationship between nestling health 
1netrics, nutritional stress (EPR) and breeding success. 
Pelicans in our study area rarely experience nest predation, 
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feather corticosterone (CORT; b) by colony in the northern Gulf of 
Mexico, 2014-15. Points represent colony-wide mean values, and 
error bars represent 95% confidence intervals. 
human disturbance or excre,ne weather events during breed-
ing; hence, fe"v factors are likely to confound the relationship 
benveen developmental stress and chick 1nortality. Our 
results indicated that both nestling feather CORT and nest-
ling BCI were highly correlated \Vith EPR, and that EPR 
explained 87% of the variation in chick survival bet\veen the 
colonies \Ve studied. Of the components of EPR, meal deliv-
ery rate explained a larger portion of the variance in survival 
n1etrics and nestling health than did meal mass or energy 
density of prey. Meal mass also explained a high proportion 
of variance in nestling feather CORT, although nor BCl or 
survival, whereas energy density had no significant linear 
relationships ,vith nestling health or survival metrics. The 
lo,v correlation between nestling health and energy density 
in this system is in contrast to previous studies of sea birds 
(reviewed by Osterblo1n et al., 2008) that have suggested 
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Table 2: Mean values (+SD) for brown pelican nest productivity, chick health metrics and energy provisioning metrics by colony in the 
northern Gulf of Mexico 2014-15 
• 
Colony Productivity Body condition Corticosterone Meals day-1 Grams per Energy g-' Energy index meal provisioning rate 
' 
2014 Shamrock 051 ± 0.66 -499±446 2.47 ± 0.52 
2014 Chester 0.68 ± 0.79 -136±372 2.44 ± 0.54 
2014 Galveston 0.94 ± 0.86 -251 ± 472 2.09 ± 0.60 
2015 Smith 0.30 ± 0.64 -189±209 3.02 ± 0.38 
2015 Ten Palms 1.64 ± 0.95 193 ± 291 1.56 ± 0.37 
2015 Audubon 1.42 ± 0.85 325 ± 379 1.41 ± 0.28 
2015 Gaillard 1.06 ± 0.85 150± 272 1.30 ± 0.46 
prey quality as a key driver of nestling survival. We posit 
that the ,veaker relationship ,ve observed may be attributable 
in part to a narrower range of energy content of prey in the 
Gulf of tvlexico, particularly a lack of prey vvith the high 
levels of energy density and lipid content that occur in high-
latitude syste1ns (Stickney and T orres, 1989; Anthony et al., 
2000). O nce nesrlings fledged, EPR at the natal colony ,vas 
no longer a strong predictor of survival probability, indicat· 
ing that differences in the quantity of food during develop-
1ncnt arc not a do1ninant driver of survival after dispersal. 
Ho1,vever, both feather CORT and BCI ,vere correlated \Vith 
post-fledging survival, which suggests that nutrit ional stress 
during developn1ent may continue to influence the probabil-
ity that individuals \\>ill survive to recruit back into the 
breeding population once they have fledged . The demo-
graphic effects of negative feedbacks benveen developmental 
stress and recruitment have been documented in other sea-
bird species (e.g. Kitaysky et al., 2010). Linking these para-
1neters is a necessary step to\vard understanding the long-
tenn dc1nographic consequences of perturbations in the 
dcvelopn1ental environment. 
Given its ease of in1plen1entation and strong relationship 
to nestling survival, feather CORT is uniquely suited to 
detecting the effects of sublethal stress on reproductive suc-
cess and can be collected rapidly in response to unexpected 
environmental perturbations. Although measuring fea ther 
CORT requires more post-collection laboratory analysis 
than traditional reproductive success and chick health 
1netrics, its advantages include mini1nal disturbance at breed-
ing colonies, case of collection and storage, and the ability to 
sa11ple n1ult iple colonies in a short t ime. Ho,vever, interspe-
cific differences in the stress response n1ay 11ake this tech-
nique 111ore suitable for some seabird species than others 
(e.g. Kitaysky et al., 2005). The existence of a detectable 
relationship berv.een environmental covariates and nestl ing 
stress is a crucial prerequisite for using feather CORT as an 
indicator of environmental conditions. :tvforeover, to dra\v 
inferences at broad spatial scales (e.g. beC\veen colonies or 
regions), sampling regimes would need to account for the 
infl uence of varying habitat characteristics. Several recent 
1.63 ± 0.94 205 ± 138 4.66 ± 0.50 2094± 1374 
2.28 ± 2.25 174 ± 136 4.53 ± 0.61 2164± 2062 
3.15 ± 1.50 124 ± 91 3.99 ± 0.63 1750 ± 1031 
2.49 ± 1.22 106 ± 78 4.35 ± 0.39 1383 ± 810 
2.95 ± 1.68 168 ± 105 4.59 ± 0.35 2584± 1539 
2.49 ± 1.05 191 ± 170 4.33 ± 0.38 2500± 1562 
2.61 ± 1.24 175 ± 102 4.69 ± 0.36 2561 ± 1300 
studies of feather CORT, particularly Fairhurst et al. (2014), 
Lodjak et al. (2015) and Lopez-J imenez et al. (2016), have 
described the context dependence of the stress- environment 
relationship and its sensitivity to local-scale habitat quality 
and climatic variation. Our results indicate that, although 
sibling dynamics do not confound variation in feather 
CORT in this species, nest height can affect both physiology 
and survival. These differences highlight the i1nportancc of 
understanding how different site· and individual-specific fac-
tors contribute to underlying variation in 1neasurcd para-
n,eters, and ho,v these factors could interact cumulatively o r 
n1ultiplicatively ,vi th environn,ental conditions to 111ask o r 
exaggerate the effects of perturbations on reproduction. 
We fo und both inter- and intraregional variation 111 
colony-specifi c nestling health and reproductive success in 
baseline conditions across the northern Gulf of lvfexico. T he 
foraging environ1nent experienced by breeding sea birds 
depends on a variety of biotic and abiotic factors that can 
change across a species' range as ,veil as between and within 
breeding seasons. Distinguishing the effects of environn,ental 
perturbations requi res that the effects of short-tenn changes 
to foraging conditions be distinguished from the background 
noise of pre-existing variation. End points that can be mea-
sured consistently across space and time provide a unifying 
approach for long-term 1nonitoring efforts that can co1npare 
baseline measures ,vith post-disturbance conditions. Our 
study provides evidence that feather CORT can be used to 
detect differences in underlying nutritional quality and pre-
dict reproductive parameters in a free-living seabird popula-
tion, in v,hich ncstlings elevate stress horn1one levels in 
response to nutrit ional constraints, making it an appropriate 
basis for long-term monitoring of population-,vide repro-
d uctive health and, ultin1ately, detection of the indirect 
demographic effects of environmental change. 
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